Myc is deregulated by Kaposi's sarcoma-associated herpesvirus (KSHV) latent proteins, but its role in KSHV latency is not clear. We found that Myc knockdown with RNA interference (RNAi) induced KSHV reactivation and increased the protein and mRNA levels of RTA, a key viral regulator of KSHV reactivation. Myc knockdown increased, whereas Myc overexpression inhibited, RTA promoter activity. KSHV reactivation and the activation of the RTA promoter induced by Myc depletion were inhibited by c-Jun N-terminal kinase (JNK) and p38 inhibitors but not by a MEK1 inhibitor. Myc knockdown inhibited primary effusion lymphoma (PEL) cell proliferation through inducing apoptosis and G 1 cell cycle arrest. Thus, Myc may be a key cellular node coupling cellular transformation and KSHV latency.
To examine whether Myc is required for the maintenance of KSHV latency, we used a reporter cell line, BC-3-G, which was derived from the PEL cell line BC-3, to monitor KSHV reactivation (25) . In BC-3-G cells, the expression of enhanced green fluorescence protein (EGFP) is driven by the minimal promoter of a KSHV lytic gene, polyadenylated nuclear RNA (PAN) (21) , which responds specifically to RTA and is expressed in high abundance, enabling the use of EGFP expression as a specific and sensitive indicator of the level of KSHV reactivation. To deplete Myc, we transduced BC-3-G cells with short hairpin RNA (shRNA) lentiviral vectors in the presence of 4 g/ml of Polybrene to enhance transduction efficiency. At day 3 posttransduction, two shRNA lentiviral vectors against Myc, shMyc-1(targeting sequence, GAT GAG GAA GAA ATC GAT G) and shMyc-2 (targeting sequence, GGT CAG AGT CTG GAT CAA C), greatly increased the percentage of EGFP-positive cells, indicative of enhanced KSHV reactivation (Fig. 1A) . A control shRNA vector, shCtrl (targeting sequence, CAA CAA GAT GAA GAG CAC CAA), which does not target any human gene, did not induce reactivation compared with mock-transduced cells (Fig. 1A) . shMyc-1 and shMyc-2 were able to significantly decrease Myc protein levels in BC-3 at day 3 posttransduction in a Western blotting assay (Fig. 1B) . shMyc-1 was more effective than shMyc-2 in knocking down Myc (Fig. 1B) . The low percentage of EGFP-positive cells in mock-or shCtrl-transduced cells represents spontaneous reactivation. shMyc-1 or shMyc-2 also significantly increased the protein level of the viral lytic gene K8 in BC-3 cells (Fig. 1B) , further confirming that Myc depletion induces KSHV reactivation. Transduction of BCBL-1 cells with the more effective shMyc-1 also increased the K8 protein level (Fig. 1B) , indicating that the requirement of Myc for the maintenance of KSHV latency is not unique to BC-3 cells.
RTA is both required and sufficient for the induction of KSHV reactivation (18, 22) . We thus examined whether depletion of Myc by shMyc-1 increases the protein level of RTA. We cotransfected BC-3 cells with shCtrl, shMyc-1, or shMyc-1 together with increasing amounts of shKRTA, an shRNA plasmid targeting the KSHV RTA gene (Fig. 1C) . At day 3 posttransduction, shMyc-1 significantly increased the protein level of RTA in Western blotting (Fig. 1C) . Although the RTA antibody detected multiple protein bands, we were able to confirm the identity of the RTA band indicated by an arrow because the intensity of the band was decreased by increasing amounts of the transfected shKRTA plasmid (Fig. 1C) . We then asked whether Myc depletion increases KSHV RTA expression at the transcription level. We transduced BC-3 cells with shMyc-1, shMyc-2, or shCtrl and measured the mRNA levels of RTA at day 2 posttransduction. shMyc-1 or shMyc-2 upregulated RTA mRNA levels ( Fig. 2A) . shMyc-1 upregulated RTA expression to a greater extent than shMyc-2 did ( Fig was more effective than shMyc-2 in depleting Myc and reactivating KSHV (Fig. 1A and B) . We also examined the effects of Myc depletion or Myc overexpression on the promoter activity of RTA using luciferase reporter assays ( Fig. 2B and C) . Myc depletion also increased KSHV RTA promoter activity (Fig.  2B) . Conversely, Myc overexpression inhibited RTA promoter activity (Fig. 2C ). Myc overexpression was not able to inhibit the activation of the PAN promoter by RTA (Fig. 2D) , suggesting that Myc does not affect the ability of RTA to transactivate its target genes such as PAN. We concluded that Myc suppresses KSHV reactivation through repressing KSHV RTA expression transcriptionally.
To gain insights into the mechanism underlying the role of Myc in the maintenance of KSHV latency, we explored cellular signaling pathways that may mediate KSHV reactivation downstream of Myc depletion. Previous studies showed that the mitogen-activated protein kinase (MAPK) signaling pathways play important roles in KSHV reactivation induced by phorbol esters or Ras (24, 25) . We therefore examined whether MAPK signaling is required for KSHV reactivation induced by Myc depletion. SP 600125, a specific inhibitor of c-Jun N-terminal kinases (JNKs), and SB 203580, a specific inhibitor of p38 MAPK, significantly inhibited KSHV reactivation induced by Myc depletion, as indicated by K8 protein levels (Fig. 3A) . In contrast, the MEK1 inhibitor PD 98059 did not significantly affect KSHV reactivation induced by Myc depletion (Fig. 3A) . Since Myc depletion upregulated RTA transcription ( Fig. 2A and B) , we asked whether JNK or p38 signaling is required for the upregulation of RTA transcription by Myc depletion. SP 600125 or SB 203580, but not PD 98059, inhibited the upregulation of RTA promoter activity by Myc depletion (Fig. 3B) . Thus, JNK and p38 signaling is required for the upregulation of RTA transcription and KSHV reactivation downstream of Myc depletion.
Lastly, we determined the effects of Myc knockdown on PEL cell proliferation and survival. We transduced BC-3 cells with the shCtrl or shMyc-1 vector and measured the number of live cells using the trypan blue exclusion assay at day 4 posttransduction (Fig. 4A) . shMyc-1 significantly decreased the number of cells (Fig. 4A) , suggesting that Myc knockdown inhibits cell proliferation and/or cell survival. To determine the effects of Myc knockdown on PEL cell cycle progression, we analyzed the DNA content of BC-3 cells transduced with shCtrl or shMyc-1 by flow cytometry at day 3 posttransduction (Fig. 4B) . The percentage of cells in the G 1 phase (left red area), S phase (blue striped area), or G 2 phase (right red area) or the apop- totic fraction (blue area) was determined with Modfit LT software (Fig. 4B) . Myc knockdown increased the percentage of cells in the G 1 phase and at the same time decreased the percentage of cells in the S or G 2 phase (Fig. 4B) , suggesting that Myc knockdown induces G 1 cell cycle arrest. In addition, the percentage of apoptotic cells was also increased by Myc knockdown (Fig. 4B) . Thus, Myc depletion inhibits both cell proliferation and cell survival, indicating a critical role of Myc in PEL cell transformation. Of note, upregulation of RTA expression induced by Myc knockdown may not necessarily lead to enhanced virus production, since Myc knockdown might restrict steps of virus lytic replication downstream of RTA expression. Nonetheless, our data established an essential role of Myc in maintaining KSHV latency in PEL cells. Previous studies demonstrated that NF-B, which is activated by the KSHV latent gene product vFlip (14) , inhibits KSHV reactivation (3). Therefore, our results support an emerging theme that oncogenic pathways activated by KSHV latent gene products promote KSHV latency, reflecting on one hand the ability of KSHV to promote cellular homeostasis through manipulating key oncogenic pathways and on the other hand the ability to sense disruption of cellular homeostasis as signals for KSHV reactivation, both of which are essential for virus persistence in the host.
We also provide evidence that JNK and p38 signaling is required for KSHV reactivation upon Myc depletion. Given the well-established role of JNK and p38 signaling pathways in the stress response, our results suggest that the cellular stress response is a key component in the regulation of KSHV reactivation by Myc. Taken together, our results demonstrate a tight coupling between cellular transformation and the regulation of KSHV latency through Myc and point to JNK and p38 stress signaling as an important mechanistic link. Our data also provide a basis for exploring virus-activated oncogenic pathways to identify novel targets for inducing KSHV reactivation in clinical settings. This work was supported by grants from the NIH (DE0190858 and CA091791).
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